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►  By  changing  deposition  conditions,  Ir  fraction  varies  from  5  to  55  at.  %. 

►  The  activity  for  NH3  oxidation  depends  on  the  electrode  composition. 

►  Ir  permits  to  lower  the  poisoning  effect  during  NH3  oxidation. 

►  For  NH3  concentrations  lower  than  0.02  M,  Pt90-Ir10  electrode  show  better  activity. 

►  For  low  oxidation  potential,  the  Pt90Ir10  electrode  displays  higher  activity. 
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The  electrochemical  activity  for  ammonia  oxidation  of  Pt(x)-Ir(i_x)  electrodes  prepared  by  coelec¬ 
trodeposition  on  carbon  substrate  was  investigated  by  cyclic  voltammetry  and  potentiostatic  methods. 
Morphologies  of  deposits  were  observed  by  field  emission  scanning  electron  microscopy  and  their 
chemical  composition  and  crystallographic  structure  were  analyzed  by  X-ray  photoelectron  spectroscopy 
and  X-ray  diffraction.  It  is  demonstrated  that  the  atomic  composition  of  the  catalysts  is  strongly  influ¬ 
enced  by  the  deposition  conditions  (e.g.  relative  concentration  of  the  metallic  complexes  and  deposition 
potential).  Ammonia  oxidation  was  investigated  in  alkaline  media  for  concentrations  varying  from  0.005 
to  0.1  M.  Cyclic  voltammetry  experiments  revealed  an  increase  of  activity  for  the  Ptjgo)— Irpo)  electrode  in 
comparison  with  Pt  at  low  NH3  concentration  (<0.02  M).  Moreover  all  the  Pt(X)— Irji  x)  electrodes  showed 
improved  catalytic  properties  at  low  oxidation  potentials  (-0.55  to  -0.4  V  vs.  Ag/AgCI)  with  respect  to 
pure  Pt.  Finally,  potentiostatic  experiments  indicated  that  an  increase  of  the  Ir  content  led  to  weaker 
poisoning  effect  of  the  resulting  electrode  despite  that  Ir  does  not  seem  to  display  a  significant  activity  for 
the  electrochemical  oxidation  of  ammonia. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  oxidation  of  ammonia  has  recently  attracted 
a  lot  of  interest  for  both  the  viewpoint  of  wastewater  treatment 
[1-6]  and  its  possible  application  in  direct  ammonia  fuel  cell 
(DAFC)  [7]  and  as  a  source  of  hydrogen  which  might  be  used  in 
proton  exchange  membrane  fuel  cell  (PEMFC)  [8—11],  In  this 
context,  direct  [12—14]  and  indirect  [1—6]  electrooxidation  of  NH3 
into  N2  have  been  widely  studied  in  the  past  decade. 
The  mechanism  for  NH3  oxidation  in  alkaline  media  at  a  Pt 
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electrode  is  a  complex  multi-step  process  [12-14],  It  involves  the 
successive  dehydrogenation  of  nitrogen  species  and  the  formation 
of  several  adsorbed  reaction  intermediates  on  the  electrode 


surface  (Eqs.  (l)-(6))  [15]: 

NH3  (aq)  -»  NH3,  ads  (1) 

NH3,  ads  +  OH-  -r  NH2,  ads  +  H20  +  e“  (2) 

NH2,  ads  +  OH-  -►  NHads  +  H20  +  e-  (3) 

NH*  ads  +  NHy  ads  -  N2Hx+y,  ads  (4) 

N2Hx+y,  ads  +  (X  +  y)  OH-  -  N 2  +  (X  +  y)  H20  +  (x  +  y)  e“  (5) 
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NHads  +  OH"  -»  Nads  +  H20  +  e"  (6) 

(with  x=l  or  2  and  y=  1  or  2). 

Pt  electrode  deactivates  due  to  the  formation  of  Nads  [15].  This 
intermediate  acts  as  a  poison  because  its  high  adsorption  energy 
does  not  permit  the  recombination  of  two  nitrogen  adatoms  and 
consequently  no  N2  is  formed  [15].  The  main  findings  concerning 
NH3  oxidation  on  Pt  electrode  which  are  relevant  for  the  under¬ 
standing  of  this  work  can  be  summarized  as  follows.  Differential 
electrochemical  mass  spectrometry  (DEMS)  measurements  have 
shown  that  NH3  is  oxidized  to  N2  at  about  -0.2  V  vs.  Ag/AgCl  and  to 
nitrogen  oxides  at  potential  more  positive  than  -0.1  V  due  to  the 
presence  of  a  platinum  oxides  at  the  electrode  surface  [16].  At 
potential  more  positive  than  -0.1  V,  the  deactivation  of  Pt  occurs 
because  Nads  inactive  intermediates  are  formed  at  the  Pt  surface  [17], 
Furthermore,  the  NH3  oxidation  is  a  structure  sensitive  reaction  as  it 
takes  place  almost  exclusively  on  Pt(  100)  sites  and  that  large  Pt(  100) 
terraces  present  the  best  electrocatalytic  properties  [18-22], 
Because  Pt  deactivates,  alternative  anode  materials  have  been 
studied  for  direct  [12—14,17,23]  and  indirect  [1—6]  electrooxidation 
of  NH3  into  N2.  For  the  direct  electrochemical  conversion  of  NH3  to 
N2,  it  appears  that  5d  noble  transition  metals  (Pt  and  Ir)  are  the 
most  active  catalysts  [17],  Lopez  de  Mishima  et  al.  reported  that  the 
electrocatalytic  activity  of  Ptx— Iry  (x=75,  50  and  y=25,  50)  alloys 
was  higher  than  that  of  Pt  and  Ir  black  [24],  Despite  that  Pt— Ir 
electrodes  seem  to  be  very  promising  candidates  for  the  NH3 
oxidation  only  a  limited  number  of  investigations  have  been  re¬ 
ported  in  literature  [7,8,24—29].  Endo  et  al.  concluded  that  Ir  plays 
a  role  in  the  dehydrogenation  steps  of  ammonia  (Eqs.  (2),  (3)  and 
(6))  at  low  oxidation  potential  [25],  Interestingly,  two  recent 
studies  reported  that  a  Pt-Ir  binary  system  inhibits  Pt  poisoning 
probably  due  to  weak  adsorption  strength  of  Nads  intermediates 
[27,29],  In  a  study  dealing  with  Pt— Ir  electroplating  on  carbon  fiber 
electrode,  Pt— Ir  were  found  to  be  good  electrocatalysts  for  NH3 
electrolysis  at  low  concentrations  (20  mM)  [26],  Moreover,  alloying 
Ir  and  Pt  permits  to  decrease  the  voltage  of  an  ammonia  electrolytic 
cell  for  the  production  of  hydrogen  [8], 

Electrochemical  deposition  is  a  very  attractive  technique  to 
prepare  electrocatalysts  due  to  its  versatility,  the  high  purity  of  the 
deposits  and  the  possibility  to  readily  control  the  loading  of  the 
deposits  [30],  Moreover,  electroplated  nanoparticles  usually  exhibit 
better  adhesion  to  the  substrate  with  respect  to  chemical  deposi¬ 
tion  [31],  On  one  hand,  Pt  electrodeposition  has  been  widely 
studied  in  the  literature  [30,32—35],  On  the  other  hand,  Ir  elec¬ 
trodeposition  is  a  more  complex  process  because  it  is  strongly 
dependent  of  the  substrate  used  and  the  deposition  efficiency  is 
very  low  [31,36-40],  To  achieve  iridium  deposition  on  carbon, 
a  large  overpotential  is  required  to  form  the  first  Ir  nuclei  on  the 
surface  [40],  Once  these  nuclei  have  been  formed,  hydrogen 
adsorption  occurs  on  these  sites  and  iridium  deposition  is  catalyzed 
because  Hads  acts  as  a  reducing  agent  for  Ir3+  [38,40].  This  leads  to 
the  formation  of  large  aggregates  (several  micrometers)  of  iridium 
but  with  very  low  faradaic  efficiencies  due  to  the  occurrence  of  the 
competitive  hydrogen  evolution  reaction.  The  surface  density  of 
such  aggregates  has  been  also  found  to  be  very  low  [40], 
Contrariwise,  on  a  platinum  substrate,  Ir  deposition  is  fast  because 
a  high  Hads  coverage  is  present  at  the  electrode  surface  at  much 
more  positive  potential  than  on  carbon  [40—43],  Moran  et  al. 
reported  the  preparation  of  Pt7oIr3o  alloy  using  chloroplatinic  acid 
and  iridium  chloride  with  an  atomic  ratio  1:1  [27],  Recently  Boggs 
and  Botte,  investigated  Pt-Ir  coelectrodeposition  on  carbon  fiber 
paper  and  conclude  that  atomic  ratio,  concentration  of  metal  salts 
and  applied  potential  directly  influence  the  atomic  composition  of 
the  synthesized  electrodes  and  the  plating  efficiencies  [28], 


In  this  work,  the  electrochemical  oxidation  of  ammonia  on 
Pt[X)Ir(i_X)  (45  <  x  <  100)  electrodeposited  onto  graphite  and  glassy 
carbon  electrode  was  investigated.  The  purpose  of  this  work  is 
twofold.  Firstly,  it  aims  at  investigating  the  influence  of  the  deposition 
parameters  on  the  morphology  and  the  atomic  composition  of  the 
Pt(x)— Ii-(i-x)  electrodes.  Secondly,  the  electrocatalytic  properties  of  the 
electrodes  were  investigated  in  the  presence  of  ammonia  in  alkaline 
media  (1  M  KOH).  A  wide  range  of  Pt(x)-Ir(i_*)  electrodes,  in  terms  of 
atomic  compositions,  were  tested  for  several  ammonia  concentrations 
in  order  to  get  more  insight  in  the  role  of  Ir  on  the  electrochemical 
activity  of  the  Pt— Ir  binary  system  for  the  ammonia  oxidation. 

2.  Experimental 

2.1.  Electrode  preparation 

Pt(x)-Ir(i  _X)  electrocatalysts  were  prepared  by  co-electrodeposition 
from  hydrogen  hexachloroplatinate  (H2PtCle)  and  iridium  chloride 
(IrCl3)  (Aldrich,  >99.9%)  dissolved  in  a  0.5  M  H2S04  (Fisher,  >95%) 
solution.  Graphite  (grade  2020,  Test  Solutions)  and  glassy  carbon 
(diam.  =  3  mm)  electrodes  (BASi)  were  used  as  substrates  for  the 
preparation  of  supported  Pt(x)-ft(i_x)  electrodes.  All  solutions  were 
prepared  using  Nanopure  water  (p  >  18.0  MQ  cm1)  and  degassed  by 
bubbling  with  nitrogen  (grade4.8)  for30  min.  Graphite  plates  (1.4  cm2) 
were  carefully  polished  and  a  three-step  ultrasonic  treatment  (60  min 
in  Nanopure  water,  30  min  in  1  M  HN03  and  30  min  in  CH3OH)  was 
performed  before  each  deposition  to  remove  impurities.  Glassy  carbon 
electrodes  were  also  carefully  polished  but  the  ultrasonic  treatment 
lasted  only  for  5  min  in  Nanopure  water.  The  electrodeposition  was 
performed  either  by  cyclic  voltammetry  or  at  constant  potential. 
Graphite  and  glassy  carbon  electrodes  were  immersed  in  the  deposi¬ 
tion  solution  at  a  potential  at  which  spontaneous  deposition  of  Pt  and  Ir 
is  negligible  (around  0.6  V  vs  Ag/AgCl).  The  potential  was  then  scanned 
between  0.6  and  -0.2  V  vs  Ag/AgCl  for  cyclic  voltammetry  experi¬ 
ments  or  shifted  to  the  desired  value  for  potentiostatic  deposition.  The 
aim  is  to  obtain  deposits  with  different  Pt(X)— Ir(i_X)  atomic  composi¬ 
tions  and  to  compare  their  influence  on  the  NH3  electrooxidation. 

2.2.  Electrochemical  measurements 

Electrochemical  characterizations  were  carried  out  at  room 
temperature  in  a  typical  one-compartment  cell  using  a  three- 
electrode  configuration  with  a  potentiostat/galvanostat  VMP3 
(BioLogic  Science  Instrument).  An  Ag/AgCl  reference  electrode 
(£°  —  0.199  V  vs.  NHE)  and  a  platinum  gauze  counter  electrode  were 
used  for  all  experiments  performed  in  acid  media.  In  alkaline  media, 
a  Hg/HgO  (1  M  KOH)  was  used  as  reference  electrode.  The  Hads 
coverage  and  the  electroactive  surface  area  of  the  Pt  and  Pt(x)-ft(i_x) 
deposits  were  estimated  from  the  voltammetric  charge  associated 
with  the  adsorption  of  hydrogen  (between  0.2  and  -0.2  V  Vs.  Ag / 
AgCl  in  a  0.5  M  H2S04  aqueous  solution;  scan  rate  =  50  mV  s_1 ).  The 
electroactive  surface  area  (S)  of  Pt  and  Pt-Ir  electrodes  were  esti¬ 
mated  by  using  the  conversion  factor  of  210  pC  cm2  [44,45]  corre¬ 
sponding  to  the  charge  for  the  reduction  of  a  monolayer  of  adsorbed 
hydrogen  assuming  that  one  hydrogen  is  adsorbed  on  each  Pt  site 
exposed  to  the  electrolyte  (data  not  shown)  [38,40,44,46-48],  The 
electrocatalytic  activity  of  the  Pt(x)-ft(i_x)  electrodes  for  NH3 
oxidation  were  investigated  by  cyclic  voltammetry  and  potentio¬ 
static  experiments  in  1  M  KOH  +  x  M  NH3  (0.005  <  x  <  0.1). 

2.3.  Sample  characterization 

X-ray  photoelectron  spectroscopy  (XPS)  spectra  were  collected 
on  AXIS  ULTRA  spectrometer  (Kratos  Analytical)  at  the  Alberta 
Centre  for  Surface  Engineering  and  Science  (ACSES),  University  of 
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Alberta.  The  base  pressure  in  the  analytical  chamber  was  lower  than 

2  x  10-8  Pa.  Monochromatic  Al  I<o,  source  (hv  —  1486.6  eV)  was  used 
at  a  power  of  210  W.  The  analysis  spot  was  700  x  400  pm.  Survey 
scans  were  collected  for  binding  energy  from  1100  to  0  eV  with 
analyzer  pass  energy  of  160  eV  and  a  step  of  0.35  eV.  For  the 
quantification  of  Pt(X)— lr(i_x)  atomic  composition,  Ir  4f  (60—70  eV)  et 
Pt  4f  (70—80  eV)  peaks  were  used.  The  X-ray  diffraction  (XRD) 
spectra  were  collected  with  a  Bmker  AXSD8  Siemens  X-ray  diffrac¬ 
tometer  operating  with  a  Cul<7  radiation  (A  =  0.154  nm)  generated  at 
40  kV  and  40  mA.  A  small-angle  (2°)  6—26  scan  mode  was  used  with 
an  angular  step  size  of  26  —  0.02°  and  an  acquisition  of  5  s  by  step. 
Morphologies  of  Pt(xj-Ir(i_x)  deposits  on  carbon  were  observed  by 
field  emission  scanning  electron  microscopy  (FE-SEM)  using  aJEOL 
JSM  -  7600  TFE  microscope  at  an  accelerating  voltage  of  5  kV. 

For  experimental  purposes,  graphite  substrates  were  used  for 
physicochemical  characterization  whereas  glassy  carbon  electrodes 
were  preferred  for  electrochemistry  measurements.  However,  it  is 
important  to  point  out  that  both  substrates  were  tested  for  all 
experiments  of  this  study  and  that  in  our  experimental  conditions 
both  types  of  carbon  substrates  gave  similar  results. 

3.  Results  and  discussion 

3.1.  Cyclic  voltammetry  of  carbon  in  the  presence  of  platinum  and 
iridium  salt  in  the  solution 

Fig.  1  shows  the  cyclic  voltammograms  (CVs)  for  the  first  and 
40th  scans  for  glassy  carbon  electrodes  in  0.5  M  H2SO4  in  the  pres¬ 
ence  of  1  mM  PtCli-,  3  mM  Ir3+  and  a  mixture  of  1  mM  H2PtCl6  and 

3  mM  IrCb.  In  all  cases  the  potential  is  scanned  from  0.6  V,  which 
corresponds  to  a  potential  at  which  Ir  or  Pt  is  not  deposited  because 
spontaneous  deposition  can  be  considered  as  negligible  due  to  its 
very  slow  rate  [31,32,49],  to  a  potential  of  -0.2  V,  just  prior  to  the 
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Fig.  1.  Cyclic  voltammogram  of  glassy  carbon  electrodes  in  the  presence  of:  a)  3  mM 
IrCl3  +  0.5  M  H2S04:  b)  1  mM  H2PtCl6  +  0.5  M  H2S04  and  c)  3  mM  IrCl3  +  1  mM 
H2PtCl6  +  0.5  M  H2S04  at  a  scan  rate  of  50  mV  s-1.  First  (black),  and  40th  (dashed 
black)  cycles. 


onset  of  the  hydrogen  evolution  reaction  (HER)  on  Pt  and  Ir  [38,44], 
Firstly,  in  the  presence  of  Ir3+  ions  (Fig.  la),  only  capacitive  current  is 
observed  and  the  shape  of  CV  does  not  change  with  cycling  during 
40  cycles  indicating  that  iridium  is  not  deposited  on  the  carbon 
surface.  This  is  in  good  agreement  with  our  previous  study  in  which 
it  was  demonstrated  that  a  very  negative  potential,  of  at  least  —0.6  V, 
must  be  reached  to  achieve  iridium  deposition  on  glassy  carbon  [40], 
Secondly,  in  the  presence  of  PtCl§  ions  (Fig.  lb),  the  onset  of  the 
cathodic  current  noticed  at  0.45  V  is  followed  by  a  broad  cathodic 
current  wave  at  0.1  V  and  a  well-defined  peak  at  -0.1  V,  attributed  to 
the  electrodeposition  of  Pt  [50],  Finally,  in  the  presence  of  3  mM 
Ir3++1  mM  PtCll-  ions  (Fig.  lc),  the  onset  of  the  cathodic  current  is 
noticed  at  0.3  V  and  a  low  intensity  peak  is  observed  at  -0.12  V  just 
before  an  abrupt  increase  of  the  cathodic  current.  Following  scan 
reversal,  the  observation  of  a  nucleation  loop  is  consistent  with 
metal  deposition  on  the  glassy  carbon  electrode  surface  and  an 
increase  of  the  electrode  surface  area  [51],  Moreover,  a  cathodic 
current  is  always  observed  between  0.6  and  -0.2  V  indicating  that, 
presumably,  the  reduction  of  metal  complexes  is  still  occurring.  On 
Fig.  lb,  the  CV  for  the  40th  cycle  (dashed  line),  in  the  presence  of  only 
PtCl|_  ions  in  the  solution,  is  very  similar  to  that  of  a  platinum 
electrode  in  sulfiiric  acid  which  is  characterized  by  its  so-called 
hydrogen  adsorption  region  between  0.2  and  -0.2  V  [32,40,43,44], 
Since  iridium  alone  cannot  be  deposited  between  0.6  and  -0.2  V 
whereas  Pt  can,  one  could  expect  that  in  the  presence  of  lr3+  and 
PtCl|_  ions  in  the  solution,  only  platinum  could  be  deposited  on 
glassy  carbon.  However,  the  shape  of  the  40th  cycle  (Fig.  lc)  differs 
significantly  from  that  expected  for  a  Pt  electrode  and  is  more  like 
the  one  observed  for  Ir  or  Pt— Ir  electrodes  [52,53].  In  this  work,  the 
morphology  and  composition  of  Pt— Ir  deposits  were  characterized 
by  SEM,  XRD  and  XPS. 

3.2.  Morphologies  of  the  Pt-Ir  deposits  observed  by  SEM 

Morphologies  of  Pt(X)— Ir(i_X)  deposits  on  graphite  electrodes 
were  observed  by  field  emission  scanning  electron  microscopy. 
Fig.  2  compares  a  set  of  nine  electrodes  for  which  the  deposition 
potential  and  the  [h^+l/IPtCli-]  ratio  in  the  deposition  solution 
were  varied.  When  the  deposition  potential  is  set  to  0  and  -0.1  V, 
the  deposits  looks  like  spherical  aggregates  whereas  for  a  deposi¬ 
tion  potential  of  -0.2  V,  the  surface  consists  of  aggregates  covered 
by  platinum  needles.  Interestingly,  this  trend  is  the  same  than  for 
platinum  deposition  alone  [30,54],  Moreover,  it  seems  that  the 
surface  coverage  is  more  important  for  deposition  at  -0.1  and 
-0.2  V  than  at  0  V.  On  the  other  hand,  morphologies  of  deposits 
seem  not  to  be  affected  by  the  [I^+J/IPtCll-]  ratio  but  the  sizes  of 
Pt(x)-Ir(i_x)  aggregates  appear  to  be  a  little  smaller  when  this  ratio 
is  increased.  Fig.  3  shows  the  size  distribution  of  Pt(x)-Ir(i_x) 
aggregates  for  coatings  deposited  in  various  conditions  by  taking 
into  account  600  aggregates  in  each  case.  Increasing  the  [Ir3"1"]/ 
[PtCli- ]  ratio  leads  to  a  slight  decrease  of  aggregates  size.  Moreover, 
it  can  be  noticed  that  a  high  [Ir3+]/[PtCll  ]  ratio  yields  more 
homogeneous  aggregate  sizes.  On  the  other  hand,  the  deposition 
potential  has  no  effect  on  Pt(X) — Ir(  1  _X)  aggregate  sizes. 

3.3.  XRD  characterization  ofPt(xj—Ir( j_xj  electrodes 

A  set  of  eleven  electrodes  were  prepared  by  using  the  conditions 
given  in  Table  1  and  characterized  by  X-ray  diffraction.  Fig.  4  shows 
XRD  patterns  of  Pt(X) — Iqi-xx)  electrodeposits  and  focuses  on  the 
characteristic  (111)  peak.  A  shift  of  the  (111)  peak  to  higher  20 
values  relative  to  a  pure  Pt  layer  is  observed  for  deposits  obtained 
when  Ir  was  present  in  the  deposition  solution.  From  the  20  values, 
the  atomic  composition  of  the  electrodes  was  estimated  by  using 
Vegard’s  law  [27],  The  Pt  at.  %  of  each  deposit  is  also  indicated  in 
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Fig.  2.  FESEM  images  of  Pt(*)-Ir(i_*)  electrodes  prepared  by  electrodeposition  as  a  function  of  [PtCll  j/llr3^  ratio  and  deposition  potential. 


Fig.  4.  The  XRD  data  show  that  the  deposits  are  always  much  richer 
in  Pt  than  in  the  deposition  bath.  Actually,  in  our  experimental 
conditions,  it  was  not  possible  to  deposit  a  film  with  an  Ir  fraction 
larger  than  50  at.  %.  Even  with  a  Ir/Pt  ratio  of  5  in  the  deposition 
bath,  the  Ir  fraction  is  only  48  at.  %.  Finally  the  optimum  potential  to 
obtain  the  highest  loading  of  Ir  is  about  -0.1  V  (see  below).  At 
-0.2  V,  Pt  deposition  is  highly  favored  leading  to  a  Pt  fraction  of 
about  90  at.  %.  In  our  experimental  conditions,  Ir  cannot  be 
deposited  alone  on  a  carbon  substrate,  explaining  why  a  pattern  for 
100  at.  %  Ir  is  not  presented  on  Fig.  4  [40],  It  can  be  noticed  that  not 
only  the  20  value  but  also  the  full  width  at  half  maximum  (FWHM) 
of  the  (111)  peak  change  with  the  atomic  composition  of  the  elec¬ 
trodes.  The  average  crystallite  size  of  Pt(X) — lr(i_X)  electrodeposits 
was  estimated  using  Scherrer  equation.  It  can  be  seen  that  the  size 
of  the  crystallites  decreases  (from  15  to  5  nm)  when  the  Ir  fraction 
in  the  deposit  is  increasing  [55,56], 

3.4.  XPS  characterization  of  Pt(Xj—Ir( j_x;  electrodes 

In  order  to  determine  the  surface  atomic  composition  of  the 
Pt(x)— Ir(i_X)  electrodes,  XPS  analyses  were  carried  out  to  comple¬ 
ment  the  XRD  data.  Fig.  5  shows  survey  spectra  recorded  for 
graphite  electrodes  that  are  characterized  by  the  presence  of  Pt  4f 
(between  70  and  80  eV)  and  Ir  4f  (60  and  70  eV)  contributions 
[38,40,57],  The  Pt  4f7/2  peak  observed  at  around  71.8-72  eV  is  in 
relatively  good  agreement  with  the  binding  energy  expected  for 
metallic  Pt  (71.6  eV)  [58—60].  The  survey  spectrum  (between  60 
and  70  eV)  for  a  pure  Ir  deposit  (#10  on  Fig.  5)  indicates  the 


presence  of  at  least  three  different  species.  Indeed,  in  our  experi¬ 
mental  conditions,  the  presence  of  metallic  Ir,  Ir02  and  the  IrCl3 
precursor  is  demonstrated  [38,40,61  ].  The  presence  of  the  latter  is 
confirmed  by  the  Cl  2p  peak  (200  eV)  on  the  survey  spectra  (data 
not  shown).  For  the  Pt— Ir  electrodes  the  Ir  4f  contribution  (between 
60  and  70  eV)  corresponds  to  metallic  Ir  [38,40,55,56].  The  atomic 
composition  of  the  surface  of  the  electrodes  was  determined  from 
these  survey  spectra  and  included  on  Fig.  5.  It  can  be  noticed  that  Pt 
atomic  composition  varies  from  about  50  to  90  at.  %  which  appears 
to  be  in  qualitative  agreement  with  the  composition  derived  from 
XRD  measurements. 

To  get  more  insight  into  the  Pt-Ir  electrodeposition  process,  the 
influence  of  the  deposition  potential  on  the  atomic  composition  of 
the  Pt-Ir  electrodes,  prepared  with  a  [Ir^/IPtCli-]  ratio  of3:l  was 
investigated.  Fig.  6  shows  the  evolution  of  Pt  content  (Pt  at.  %) 
determined  by  XPS  measurements  of  the  electrodes  as  a  function  of 
the  deposition  potential.  A  minimum  of  Pt  at.  %  and  thus  a  maximum 
Ir  content  is  observed  for  a  deposition  potential  of  around  -0.07  V.  It 
is  very  interesting  to  notice  that  the  trend  described  in  Fig.  6  for  Pt-Ir 
co-electrodeposition  is  in  perfect  agreement  with  conclusions  of 
a  previous  study  dealing  with  Ir  deposition  on  platinum  [40], 
Considering  the  potential  range  used  (0  to  -0.2  V),  it  is  very  likely 
that  the  deposition  mechanism  of  Pt-Ir  on  carbon  substrate  consists 
in  a  first  step  in  which  Pt  is  deposited  on  the  surface  (at  such 
deposition  potential  Ir  alone  cannot  be  deposited  onto  a  carbon 
surface  [40]).  As  soon  as  Pt  is  deposited,  Hads  occurs  on  these  sites 
and  catalyzes  Ir  deposition  leading  to  the  formation  of  a  Pt^-Ir^.*) 
binary  deposit.  Fig.  6  also  indicates  that,  under  our  experimental 
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[PtCI/-]  :  [tr3+]  =  1:5  [PtCI  *]  :  [lr3+]  =  1:3  [PtCI  62]  :  [lr3+]  =  1:1 
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Particle  size  /  nm 

Fig.  3.  Particle  size  distribution  for  Ptf*) — Ir(i_X)  electrodes  prepared  by  electrodeposition  as  a  function  of  [PtCl6~]/[Ir3+]  ratio  and  deposition  potential. 


conditions,  electrochemical  deposition  does  not  allow  to  synthesize 
electrodes  with  Pt  at.  %  smaller  than  45%. 

Fig.  7  shows  a  plot  of  the  Pt  at.  %  of  Pt(X)— lr(i_X)  electrodes 
estimated  from  XPS  data  as  a  function  of  their  lattice  parameter 
determined  from  XRD  data.  A  linear  relationship  between  these 
two  parameters  is  observed,  strongly  suggesting  that  the  variation 
of  lattice  parameters  in  the  Pt(X)— Ir(i_X)  systems  obey  Vegard’s  law 
and  thus  that  prepared  Pt(x)— Ir(i_x)  catalysts  are  alloyed  as  a  solid 
solution  phase  [55,62],  Moreover  Fig.  7  and  Table  1  indicate  that  the 
bulk  (XRD)  and  the  surface  (XPS)  compositions  of  the  electrode  are 
very  close  and  thus  that  deposits  are  very  homogeneous.  For  the 
remainder  of  the  work  which  focuses  on  the  electrochemical 


Table  1 

Experimental  conditions  used  for  the  electrodeposition  of  Pt,  Ir  and  Pt(x)— 
electrodes  and  composition  (Pt  at.  %)  of  the  deposits  as  determined  from  XRD  and 
XPS  measurements. 


Electrode  [H2PtCl6]  (mM)  [IrCl3]  (mM)  E  deposition  (V)  XRD  XPS 


characterization  of  Pt-Ir  electrodes  for  NH3  oxidation,  a  deposition 
bath  with  a  [  lr3+]/[Ptd6~  ]  ratio  of  3  was  used  to  prepare  the  various 
Pt— Ir  electrodes. 

3.5.  Cyclic  voltammetry  ofPt(X)-Ir(j_X)  electrodes  in  the  presence  of 
NH3 

The  cyclic  voltammetry  behavior  of  Pt(X) — lr(i_X)  electrodes  in 
0.1  M  NH3  +  1  M  KOH  are  compared  in  Fig.  8a.  The  CVs  show 
a  typical  broad  irreversible  anodic  peak  at  -0.25  V  corresponding 
to  NH3  oxidation  [12—14],  The  maximum  current  is  recorded  for 
a  pure  Pt  electrode  and  the  intensity  of  the  current  peak  decreases 
when  the  Pt  content  is  lowered.  A  quantitative  representation  is 
depicted  in  Fig.  8b,  which  presents  the  evolution  of  the  current 
density  of  the  oxidation  peak  as  a  function  of  the  Pt  content  of  the 
electrodes.  It  should  be  noted  that  the  current  densities  take  into 
account  the  electroactive  surface  area  determined  form  the  Ha(js 
region  which  probes  the  presence  of  both  Pt  and  Ir  [44,46—48], 
Fig.  8b  (square)  shows  that  the  ammonia  oxidation  peak  current 
density  is  strongly  affected  by  the  composition  of  the  Pt— Ir  elec¬ 
trodes.  A  small  current  is  recorded  up  to  a  Pt  at.  %  of  60  and 
thereafter  the  electrochemical  activity  increases  exponentially  with 
the  platinum  content  of  the  electrodes.  The  data  of  Fig.  8a  was 
analyzed  further  by  assuming  that  only  Pt  atoms  are  active  for  the 
electrochemical  oxidation  of  ammonia.  Thus,  the  current  densities 
were  normalized  to  the  surface  area  of  the  Pt  atoms  of  the  deposits 
and  are  shown  on  Fig.  8b  (triangle)  as  a  function  of  the  Pt  at.  %.  If  the 
normalized  current  of  Fig.  8b  would  be  only  related  to  the  surface 
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area  of  Pt,  a  constant  normalized  peak  current  would  be  expected. 
In  fact  Fig.  8b  shows  clearly  that  this  is  not  the  case  and  that  the 
addition  of  Ir  to  a  Pt-based  electrode  decreases  its  activity  for 
ammonia  oxidation.  The  best  activity  was  found  for  a  pure  Pt 
electrode  leading  to  the  conclusion  that  alloying  Pt  and  Ir  does  not 
improve  the  electrocatalytic  properties  for  ammonia  oxidation  with 
respect  to  pure  Pt  electrode.  This  is  in  agreement  with  Vidal-Iglesias 
et  al.  who  demonstrated  that  Pt  nanoparticles  deposited  on  a  Au 
substrate  were  better  catalysts  than  binary  nanoparticles  (e.g.,  Pt— 
Ir)  for  ammonia  oxidation  in  0.2  M  NaOH  and  0.1  M  NH3  [7],  An 
heterogeneous  distribution  of  Pt  and  Ir  at  the  electrode  surface  and 
that  distinct  Pt  and  Ir  regions  could  coexist  was  invoked  to  explain 
the  decrease  of  electrochemical  activity  upon  addition  of  Ir. 
Moreover,  Ir  not  only  replaces  Pt  atoms  at  the  surface  and  thus 
contributes  to  a  decrease  of  Pt  electroactive  area  but  Ir  also 
decreases  the  density  of  Pt(100)  sites  and  perturbs  the  long  range 
order  of  the  Pt(100)  terraces  that  are  the  most  active  for  ammonia 
electrooxidation  [7,21,63]. 

Nonetheless,  Pt(X) — Ir(i_X)  catalysts  show  interesting  properties 
that  could  encourage  to  consider  their  use  as  alternatives  to  Pt 
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Fig.  5.  X-ray  photoelectron  survey  spectra  for  the  Pt  4f  (between  70  and  80  eV)  and  Ir 
4f  (between  60  and  70  eV)  regions  of  Pt,  Ir,  and  Pt[X)-Ir(1_X)  electrodes  (see  Table  1  for 
experimental  conditions). 


Fig.  7.  Plot  of  the  Pt  at.  %  of  the  Pt^-Ir^-*)  deposits  (determined  by  XPS,  Fig.  5)  vs.  the 
lattice  constant  of  electrodes  (determined  by  the  diffraction  angle  of  the  (111)  domain 
peaks,  Fig.  4). 
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electrode.  Firstly,  the  onset  of  NH3  oxidation  occurring  at  -0.52  V 
on  platinum  is  slightly  shifted  toward  more  negative  potentials 
when  the  Ir  content  increases.  Secondly,  the  potential  of  the  peak 
corresponding  to  the  NH3  oxidation  observed  at  -0.26  V  on  pure  Pt 
is  slightly  shifted  toward  more  positive  potential  by  up  to  30  mV  for 
Ptsoirso.  Thus,  the  slight  shift  of  NH3  oxidation  peak  potential  to 
more  positive  potential  when  Ir  is  added  could  indicate  that  the 
addition  of  Ir  inhibits  platinum  poisoning  [17], 

In  order  to  further  investigate  this  hypothesis,  short  (10  min) 
oxidation  of  NH3  were  performed  at  -0.25  V.  Fig.  9  shows  current¬ 
time  responses  for  3  selected  electrodes.  The  electrocatalytic 
properties  of  a  Pt  catalyst  used  as  a  reference  sample  and  two  Pt(X)— 
Ir(i_x)  electrodes  (one  with  high  Ir  content  and  the  other  one  with 
low  Ir  content)  are  compared.  As  expected,  the  activity  decreases 
when  the  Pt  content  is  lowered.  Flowever,  it  is  well-known  that  Pt 
electrodes  deactivate  with  time  during  NH3  electrolysis  because 
adsorbed  N-species  formed  by  oxidation  of  ammonia  poison  the 
electrode  [15—17,54],  The  slope  of  I— t  transients  (for  electrolysis 
time  larger  than  about  100  s)  were  determined  and  values  of 
-1.2  x  10~4,  -7.1  x  10-5  and  -1.6  x  10-5  mA  cm-2  s-1  were  found 
for  Pt,  Ptgolrjo  and  Ptssl^s  electrodes,  respectively.  Interestingly, 
the  current  decreases  twice  faster  for  Pt  than  for  Ptgolrio  and  seven 
times  faster  than  for  Pt55Ir45.  This  suggests  that  Ir  alloyed  to  Pt 


trades  in  0.1  M  NH3  +  1  M  KOH  for  an  applied  potential  of  -0.25  V. 


inhibits  the  poisoning  effect  of  the  electrodes  during  ammonia 
electrolysis  [54], 

3.6.  Effect  ofNH3  concentration  on  cyclic  voltammetry  of  Pt(Xj— 
Irp-x)  electrode 

In  order  to  get  more  insight  in  the  exact  role  of  iridium  on  the 
electrochemical  activity  of  Pt(x)-Ir(i_x)  electrodes,  the  effect  of  NH3 
concentration  was  investigated.  Fig.  10  shows  the  cyclic  voltam- 
mograms  for  Pt  and  Ptgo-Irio  electrodes  for  5  different  NH3 
concentrations  ranging  between  0.005  and  0.08  M.  In  all  cases,  the 
onset  of  NH3  oxidation  occurs  at  potential  more  negative  for  the 
Ptgo-Ir10  electrode  (i.e.,  at  -0.54  V  compared  to  -0.49  V  on  Pt). 
Moreover,  it  can  be  noticed  that  for  low  oxidation  potentials  (from 
-0.55  to  -0.40  V)  the  Ptgg-Irio  electrode  exhibits  better  activity 
than  pure  Pt.  Fig.  10  also  shows  that  the  intensity  of  the  anodic  peak 
current  is  higher  for  the  Pt— Ir  electrode  when  the  ammonia 
concentration  is  lower  than  0.02  M,  whereas  Pt  is  more  active  for 
more  concentrated  NFI3  solution.  This  is  also  illustrated  in  Fig.  11a 
which  presents  the  plot  of  the  current  of  the  NH3  oxidation  peak  as 
a  function  of  the  ammonia  concentration  for  Pt  and  Ptgolrio  elec¬ 
trodes.  Furthermore,  Fig.  lib  clearly  shows  that  the  potential  of  this 
anodic  peak  is  shifted  toward  more  positive  values  for  Ptgo-Ir10 
indicating  that  Pt  deactivates  faster  than  the  Pt-Ir  electrode. 

3.7.  Cyclic  voltammetry  study  of  Pt  and  Ptgolrio  electrodes 
poisoning 

The  aim  of  the  following  experiments  is  to  try  to  understand 
why  Pt— Ir  is  more  efficient  than  Pt  for  low  oxidation  potential  ( -0.4 
to  —0.55  V)  and  low  NH3  concentration  (<0.02  M).  The  key  step  of 
ammonia  oxidation  (rate  determining  step)  is  the  recombination  of 
two  dehydrogenated  NHX  intermediates  [13,21  ].  Since  the  nature  of 
intermediates  strongly  depends  of  the  composition  of  the  electrode 
and  its  potential  [7,16—18,21  ],  it  is  postulated  that  gradually  varying 
the  upper  potential  limit  (from  —0.55  to  0  V)  of  the  CV  scan  and 
comparing  Pt  and  Ptg0Ir10  electrodes  could  provide  interesting 
information  about  role  played  by  Ir  during  ammonia  oxidation. 

Fig.  12  shows  cyclic  voltammograms  for  Pt  and  Ptgolrio  elec¬ 
trodes  for  a  high  (0.08  M)  and  a  low  (0.005  M)  NH3  concentration. 
The  first  CV  was  performed  from  -0.8  to  -0.55  V  and  the  following 
ones  were  recorded  by  progressively  increasing  the  positive 
potential  limit  with  an  increment  of  50  mV  until  it  reaches  a  value 
of  0  V.  Before  each  CV,  a  potential  of  -0.8  V  was  applied  during  20  s 
in  order  to  reactivate  the  electrode  [16,54],  For  low  NH3  concen¬ 
tration  (Fig.  12a  and  c)  four  anodic  peaks  corresponding  to  different 
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steps  of  the  complex  mechanism  of  ammonia  electrooxidation  (Eqs. 
(1 )— (6))  are  observed  [13,15,16,21],  Peaks  Ai  and  A2  are  attributed 
to  ammonia  dehydrogenation  whereas  peaks  A3  and  A4  correspond 
to  the  oxidation  of  adsorbed  intermediates  [21  ].  These  intermedi¬ 
ates  could  be  reduced  back  to  ammonia  at  around  -0.6  V  (peak  Ci) 
[16],  Rosea  and  Koper  further  investigated  peaks  A2/Ci  and  asso¬ 
ciated  them  to  a  NH2/NH3  “reversible”  reaction  [21  ]. 

In  our  experiment,  peaks  A2/Ci  are  affected  as  the  upper  limit 
potential  is  increased.  For  Pt  electrode  (Fig.  12a),  when  the  upper 
limit  potential  is  more  negative  than  -0.25  V  (bolded  line),  the 
intensity  of  peaks  A2/Ci  and  the  voltammetric  charge  are  inde¬ 
pendent  of  the  CV  potential  limit.  A  very  similar  trend  is  observed 
with  a  Ptgo-Irio  electrode  (Fig.  12c).  On  the  other  hand,  when  the 
upper  potential  limit  is  shifted  towards  more  positive  potential 
than  -0.25  V,  the  shape  of  CVs  during  the  negative  going  scan  is 
strongly  affected  between  -0.4  and  -0.8  V.  Firstly,  a  significant 
cathodic  current  appears  between  -0.4  and  -0.55  V  even  if  the 
current  of  the  scan  in  the  positive  direction  is  constant.  Presumably, 
this  current  is  due  to  a  faradaic  reaction  corresponding  to  the 
reduction  of  adsorbed  N-species.  Secondly,  the  cathodic  peak  Ci  at 


—0.62  V  is  flattened  when  the  positive  potential  limit  is  increased. 
This  effect  seems  to  be  more  pronounced  for  the  Ptg0Iri0  electrode 
in  comparison  to  pure  Pt.  This  could  be  an  indication  that  the 
nature  of  adsorbed  N-species  changed  when  the  positive  potential 
limit  it  increased  and  that  for  potential  more  positive  than  —0.25  V, 
the  electrode  is  mainly  covered  by  NHads  and  Nads  which  are  inac¬ 
tive  intermediates  for  nitrogen  formation  [17,21  ].  Moreover,  a  small 
peak  C2  appears  at  -0.72  V,  whose  intensity  increases  when  the 
positive  potential  limit  is  increased.  However,  the  corresponding 
peak  Ai  in  the  anodic  region  does  not  evolve  (or  at  least,  only  a  very 
slight  decrease  can  be  observed)  indicating  that  Ai  and  C2  are  not 
related.  Thus  C2  might  be  attributed  to  the  desorption  of  the  most 
strongly  adsorbed  intermediates  (probably  Nads). 

When  the  ammonia  concentration  is  increased  to  0.08  M 
(Fig.  12b  and  d),  two  noticeable  differences  are  observed  in  the  CVs. 
Firstly,  the  intensity  of  the  NH3  oxidation  peak  at  -0.25  V  is 
increased  and  secondly,  the  anodic  peak  A4  (Fig.  12a  and  c)  is  not 
observed.  This  latter  fact  indicates  that  in  the  more  concentrated 
NH3  solution  the  electrode  is  more  passivated.  When  the  NH3 
concentration  is  increased,  more  reaction  intermediates  might  be 


Fig.  11.  Plot  of  the  a)  current  density  of  the  ] 


;  oxidation  peak  b)  potential  of  the  NH3  oxidation  peak,  as  a  function  of  NH3  concentration  for  Pt  and  Pt90Ir10  electrodes. 
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Fig.  12.  Cyclic  voltammograms  of  Pt90-Iri0  and  Pt  electrodes  in  a)  and  c)  0.005  M  NH3  +  1  M  KOH  and  b)  and  d)  0.08  M  NH3  +  1  M  KOH.  Upper  potential  limit  was  shifted  from 
-0.55  to  0  V  with  an  increment  step  of  0.05  V.  Before  each  cyclic  voltammogram  (2nd  cycle  shown),  a  regeneration  procedure  was  performed  by  applying  a  cathodic  potential  of 
-0.8  V  during  20  s. 


adsorbed,  thus  favoring  the  electrode  poisoning  effect.  Further 
investigations  are  needed  to  determine  the  nature  of  these  adsor¬ 
bates  and  to  get  a  better  understanding  of  this  phenomenon. 

In  order  to  get  more  insight  into  the  NH3  oxidation  mechanism  on 
Pt-Ir  (and  Pt),  the  evolution  of  the  cyclic  voltammograms  between 
-0.4  and  -0.8  V  and  the  redox  waves  centered  at  -0.62  V  were 
investigated.  These  redox  waves  correspond  to  the  reversible  NH3/ 
NH2  redox  couple  [21],  Coulometric  charges  of  both  the  anodic  (Qa) 
and  the  cathodic  (Qc)  peaks  were  determined  and  their  ratios  are 
reported  in  Fig.  13  as  a  function  of  the  positive  potential  limit.  To 
facilitate  understanding,  the  anodic  portion  of  the  cyclic 


voltammograms  for  Pt  and  Ptgo— Irio  electrodes  are  also  shown. 
Fig.  13a  shows  that  in  the  case  of  Pt  electrode  the  Qc/Qa  ratio  remains 
equal  to  1  until  it  decreases  when  the  upper  potential  limit  becomes 
more  positive  than  -0.4  V,  which  potential  corresponds  to  the  onset 
of  the  ammonia  oxidation  peak.  This  indicates  that  the  dehydroge¬ 
nation/hydrogenation  of  ammonia  is  reversible  (Qc  =  Qa)  for  poten¬ 
tial  more  negative  than  -0.4  V  and  also,  that  NH3  can  be  oxidized  in 
NHX  species  at  -0.62  V.  However,  these  intermediates  can  be  reduced 
back  to  ammonia  during  the  reverse  scan.  When  the  positive  potential 
limit  is  increased,  the  progressive  decrease  of  the  Qc/Qa  ratio  indi¬ 
cates  that  the  electrode  becomes  covered  by  intermediates  more 
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strongly  adsorbed  and  perhaps  more  dehydrogenated.  The  presence 
of  these  species  could  explain  the  cathodic  current  observed  in  Fig.  12 
from  -0.4  to  -0.8  V.  Interestingly  for  the  Pt9oIr10  electrode,  the  Qc/Qa 
ratio  (Fig.  13a)  decreases  when  the  upper  potential  limit  is  set 
between  -0.55  and  -0.4  V.  At  such  negative  potentials,  the  presence 
of  Nads  species  at  the  electrode  surface  is  unlikely  [17,21],  indicating 
that  NH3  is  oxidized  into  intermediates  (NHx,ads)  but  the  fact  that  the 
cathodic  charge  of  the  peak  at  -0.62  V  is  smaller  than  the  anodic 
charge  leads  to  the  conclusion  that  on  a  Ptgo-Irio  electrode,  the 
reaction  intermediates  are  able  to  recombine  and  to  be  further 
oxidized,  most  likely  to  nitrogen  [13].  This  would  explain  the  higher 
anodic  currents  recorded  for  a  Ptgo-Irio  electrode  in  comparison  to 
a  Pt  electrode  between  -0.55  and  -0.4  V.  When  the  positive  potential 
limit  is  set  at  potential  more  positive  for  the  Ptgo-Irio  electrode, 
a  similar  trend  than  on  Pt  is  observed  as  the  Qc/Qa  ratio  decreases, 
probably  due  to  an  electrode  poisoning. 

The  electrochemical  behavior  of  Pt  and  Ptg0Ir10  electrodes  in  the 
presence  of  a  higher  ammonia  concentration  (0.08  M)  is  presented 
in  Fig.  13b.  For  the  Pt  electrode,  NH3  is  dehydrogenated  at  -0.62  V 
and  when  the  potential  reaches  -0.40  V  ammonia  is  oxidized  to 
nitrogen.  The  drop  of  the  Qc/Qa  ratio  value  is  attributed  to  the 
recombination  of  NHX  species  and  their  subsequent  irreversible 
oxidation  to  N2  (and  thus  the  intermediates  cannot  be  reduced  back 
to  ammonia  during  the  reverse  scan)  [21  ].  From  -0.25  to  0  V,  the 
increase  of  the  slope  of  the  plot  suggests  that  the  oxidation  involves 
new  reaction  intermediates.  Indeed,  the  potential  at  which  the 
slope  changes  corresponds  to  the  potential  of  the  NH3  oxidation 
peak.  This  rapid  drop  of  current  after  the  peak  corresponds  to  Pt 
electrode  deactivation  [17],  This  would  indicates  that  for  potential 
more  positive  than  -0.25  V,  Nads  can  be  formed  and  poisons  the  Pt 
surface.  The  behavior  of  the  Ptgo— Irio  electrode  is  interesting 
because,  like  for  a  lower  concentration  of  ammonia,  the  Qc/Qa  ratio 
diminishes  early  reinforcing  the  hypothesis  that  NH3  and  its 
oxidized  adsorbates  (NH^s)  are  more  weakly  adsorbed  on  Ir  than 
on  Pt  [17]  and  that  a  lower  coverage  is  required  to  permit  recom¬ 
bination  of  two  molecules  and  their  subsequent  oxidation  in  N2. 

From  the  above  observations,  it  can  be  concluded  that  Ir  permits 
to  lower  the  adsorption  energy  of  NHxadS  moieties  and  thus  that 
recombination  of  two  intermediates  is  favored  when  Ir  is  alloyed  to 
Pt.  Unfortunately,  Ir  does  not  provide  good  electrocatalytic  activity 
toward  NH3  oxidation  and  therefore  its  benefit  can  be  only 
observed  when  ammonia  concentration  is  lower  than  0.02  M  or 
when  the  potential  is  close  to  the  onset  of  the  NFI3  oxidation  peak 
(between  -0.55  and  -0.4  V)  [17,29], 

The  two  major  aims  of  this  work  were  to  investigate  the  influ¬ 
ence  of  deposition  parameters  on  the  atomic  composition  of  the 
Pt(x)-Ir(i_x)  electrodes  and  the  activity  of  the  resulting  bimetallic 
electrodes  for  the  electrochemical  oxidation  of  ammonia.  In  this 
study,  the  coelectrodeposition  on  carbon  electrode  of  Pt— Ir 

This  report  differs  from  recently  published  works  which  investi¬ 
gated  a  smaller  range  of  Pt-Ir  ratios  for  deposits  prepared  by 
electrodeposition  [28]  or  Pt— Ir  nanoparticles  obtained  by  chemical 
methods  and  subsequently  casted  on  a  metallic  substrate  [7],  Our 
results  indicate  that  the  faradaic  efficiency  for  Ir  deposition  is  lower 
than  that  of  Pt  because  the  resulting  deposit  is  always  richer  in  Pt 
than  Ir  when  compared  to  the  composition  of  the  metal  complexes 
in  the  deposition  solution.  Our  work  builds  on  previous  published 
reports  on  Pt(X)— h(i_X)  electrodes  [7,8,12,24—29]  and  describes 
a  thorough  study  of  the  effect  of  electrode  composition,  ammonia 
concentration  and  range  of  potential  scanning  in  the  presence  of 
ammonia  on  the  activity  the  electrodes  for  the  electrochemical 
oxidation  of  ammonia.  Pure  platinum  electrode  shows,  in  most 
cases,  the  highest  activity  and  only  in  very  specific  and  restricted 
conditions  do  Pt(X)— Ir(i_X)  electrodes  display  better  activity. 


Pt(x)-Ir(i_x)  electrodes  were  successfully  electrodeposited  onto 
graphite  and  glassy  carbon  substrates.  By  varying  the  deposition 
conditions,  electrodes  with  Ir  content  varying  from  less  than  5  to  55 
at.  %  can  be  obtained.  The  bulk  and  the  surface  of  the  catalysts  were 
found  to  be  almost  similar.  Electrochemical  study  of  these  catalysts 
in  the  presence  of  ammonia  allows  to  conclude  that  the  activity  for 
NH3  oxidation  depends  on  the  electrode  composition.  An  increase 
of  the  amount  of  iridium  leads  to  a  decrease  of  the  activity  of  the 
Pt(„)— h(i_x)  electrodes.  Interestingly,  for  ammonia  concentrations 
lower  than  0.02  M,  the  Ptg0-Ir10  electrodes  show  better  electro- 
catalytic  activity  than  pure  Pt.  In  all  cases,  Ir  permits  to  shift  the 
onset  of  the  NH3  oxidation  towards  more  negative  potential  and 
lower  the  poisoning  effect.  For  low  oxidation  potential  (from  —0.55 
to  -0.4  V),  the  Ptgolrio  electrode  displays  higher  activity  because 
NHX  molecules  are  weakly  adsorbed  in  comparison  to  pure  Pt  due 
to  the  presence  of  Ir.  This  enhances  the  capacity  of  the  NHX  inter¬ 
mediates  to  recombine  and  thus  to  be  further  oxidized  into  N2.  In 
this  work,  we  demonstrated  that  only  Pt-rich  (Pt  at.  %  >  85—90)  Pt- 
Ir  binary  electrodes  could  be  considered  as  better  catalysts  than  Pt 
but  only  for  some  specific  applications  such  as  oxidation  of  NH3  at 
low  potential  (less  negative  than  -0.4  V)  and/or  for  low  ammonia 
concentration  (<0.02  M). 
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